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�3DSHU�SUHVHQWHG�DW�WKH����6\PSRVLXP�RQ�7KHUPRSK\VLFDO�3URSHUWLHV�
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� 7KHUPRSK\VLFDO�LQVWLWXWH�RI�H[WUHPDO�VWDWHV��8QLWHG�,QVWLWXWH�IRU�+LJK
7HPSHUDWXUHV��,]KRUVND\D���������������0RVFRZ��5XVVLD�

� 6WDWH�6FLHQWLILF�&HQWHU�RI�5XVVLDQ�)HGHUDWLRQ��91,,10��5RJRYD��D��������
0RVFRZ��5XVVLD�

� 7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG
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$%675$&7
7KH� UHVXOWV� RI� DQ� H[SHULPHQWDO� VWXG\� RI� WKH� HIIHFW� R[LGDWLRQ� RQ� WHPSHUDWXUH

GHSHQGHQFH�RI�KHDW�FDSDFLW\�DQG�VSHFWUDO�HPLVVLYLW\��IRU�WKH�ZDYHOHQJKW�RI������PP��RI
WKH�]LUFRQLXP�DOOR\�IRU�QXFOHDU�UHDFWRUV��a����PDVV���6Q��a����PDVV���)H��a��PDVV��
1E��DUH�SUHVHQWHG��7KH�VXEVHFRQG�UHVLVWLYH�SXOVH�KHDWLQJ�WHFKQLTXH�KDG�EHHQ�XVHG��7KH
VDPSOHV�ZHUH�KHDWHG�LQ�DPELHQW�DLU�DWPRVSKHUH�E\�VLQJOH�DQG�PXOWLSOH�F\FOLF�SXOVHV�

.(<� :25'6�� KHDW� FDSDFLW\�� R[LGH�� VSHFWUDO� HPLVVLYLW\�� VXEVHFRQG� UHVLVWLYH
SXOVH�KHDWLQJ��]LUFRQLXP�DOOR\�

���,1732'8&7,21
7KH�]LUFRQLXP�EDVHG�DOOR\V�DUH�XVHG�LQ�QXFOHDU�UHDFWRUV�IRU�WKH�HQYHORSHV�RI��IXHO

HOHPHQWV� DQG� RWKHU� FRPSRQHQWV�� )RU� VDIHW\� DQDO\VLV� RI� QXFOHDU� UHDFWRUV�� WKH� DFFLGHQW
VLWXDWLRQ�PXVW�EH�H[DPLQHG�ZKHQ�WHPSHUDWXUH�RI�IXHO�HOHPHQWV�LV�GUDPDWLFDOO\�LQFUHDVHV
XS� WR� WKH�PHOWLQJ� SRLQW�� 6R�� LW� LV� QHFHVVDU\� WR� KDYH� WKH� H[DFW� GDWD� RQ� WKHUPRSK\VLFDO
SURSHUWLHV�RI�]LUFRQLXP�DOOR\V�DW�KLJK�WHPSHUDWXUHV� IRU�QXFOHDU� IXHO�HOHPHQWV�EHKDYLRU
SUHGLFWLRQ�

$W�SUHYLRXV�SDSHU�>�@��ZH�KDYH�GHVFULEHG�WKH�XVH�RI�VXEVHFRQG�SXOVH�WHFKQLTXH
IRU�VWXG\�RI�=U�����1E������)H������6Q�DOOR\�WKH�WKHUPRSK\VLFDO�SURSHUWLHV�LQ�DQ�LQHUW
�DUJRQ�� DWPRVSKHUH�� $W� SUHVHQW� ZRUN� WKH� H[SHULPHQWV� KDYH� EHHQ� FDUULHG� RXW� DW� WKH
FRQGLWLRQV� VLPLODU� WR� SUREDEOH� DFFLGHQW� FRQGLWLRQV� �� UDSLG� KHDWLQJ� DQG� DQ� R[LGL]LQJ
DPELHQW�DWPRVSKHUH��$V�LW�PD\�EH�VHHQ�IURP�RXU�UHVXOWV�GHVFULEHG�EHORZ��WKH�R[LGL]LQJ
DWPRVSKHUH�PDNHV�WKH�QRWLFHDEOH�HIIHFW�RQ�WKH�SURSHUWLHV�RI�WKH�]LUFRQLXP�DOOR\�DW�KLJK
WHPSHUDWXUHV� DQG� HVSHFLDOO\� DW� WKH� WHPSHUDWXUH� UDQJH�RI� WKH�D�E SKDVH� WUDQVLWLRQ�� 7KH



�
VDPSOHV�XVHG�LQ�H[SHULPHQWV�ZHUH�PDGH�IURP�FRPPHUFLDO�WXEHV�RI�QXFOHDU�IXHO�HOHPHQWV
HQYHORSHV�

���0(7+2'�2)�0($685(0(176
7KH� WHFKQLTXH� RI� VXEVHFRQG� SXOVH� UHVLVWLYH� KHDWLQJ� � >�@� RI� VDPSOHV� ZLWK� KLJK

GHQVLW\�GLUHFW�FXUUHQW��a�����$�FP�� IURP�URRP�XS�WR�PHOWLQJ�WHPSHUDWXUH�ZLWK�WKH�UDWH
RI�DERXW������.�V�ZDV�XVHG��7KH�OHQJWK�RI�VWXGLHG�WXEXODU�VDPSOHV�ZDV�a���PP��WKHLU
H[WHUQDO�GLDPHWHU�ZDV�a����PP��LQWHUQDO�GLDPHWHU�ZDV�a����PP��7KH�GLVWDQFH�EHWZHHQ
WZR�SUREHV�LQ�WKH�FHQWUDO�SDUW�RI�WKH�VDPSOH��ZKHUH�WKH�YROWDJH�GURS�ZDV�PHDVXUHG��ZDV
HTXDO� WR����PP��7KH�EODFNERG\�PRGHO� IRU�PHDVXUHPHQW� RI� WKH� WUXH� WHPSHUDWXUH� �ZDV
PDGH� ZLWK� D� UHFWDQJXODU� VOLW�� ��� PP� ORQJ� DQG� �� PP� ZLGH�� 7KH� PRGHO� ZLWK� WKH
SDUDPHWHUV� OLNH� WKHVH� LV� JRRG� HQRXJK� DQG� LW� HQVXUHV� DQ� LVRWKHUPLF� ILHOG� DORQJ� WKH
ZRUNLQJ� VHFWLRQ� >�@� GXULQJ� WKH� KHDWLQJ� ZLWK� UDWH� PHQWLRQHG� DERYH�� 7KH� HIIHFWLYH
HPLVVLYLW\�RI��VXFK�D�EODFNERG\�ZDV�IRXQG�H[SHULPHQWDOO\�DQG�HTXDO�WR�������7ZR�KLJK�
VSHHG� SKRWRHOHFWULF� S\URPHWHUV� � �ERWK� ZLWK� ZDYHOHQJWK� RI� ����� PP�� V\QFKURQRXV
PHDVXUHG� WHPSHUDWXUHV� RI� WKH� VDPSOH� GXULQJ� H[SHULPHQW�� 2QH� RI� WKHP� PHDVXUHG� WKH
EULJKWQHVV� WHPSHUDWXUH� RI� WKH� VXUIDFH� �LWV� ORZHU� OLPLW� RI� PHDVXUHPHQWV� ZDV� DERXW
�����.��� WKH�RWKHU�RQH� �� WKH� WUXH� WHPSHUDWXUH�RI� WKH�EODFNERG\�PRGHO� �LWV� ORZHU� OLPLW
ZDV�����.���$OO�SULPDU\�SDUDPHWHUV��WKH�HOHFWULFDO�FXUUHQW�,��WKH�YROWDJH�GURS�DORQJ�WKH
ZRUNLQJ�VHFWLRQ�8��WUXH�WHPSHUDWXUH�7WU��DQG�EULJKWQHVV�WHPSHUDWXUH�7EU ��ZHUH�PHDVXUHG
XVLQJ�DQ�$�'�FRQYHUWHU�ZLWK�D�VDPSOH�UDWH�IURP�����XS�WR������VDPSOHV�V�

7KH�KHDW�FDSDFLW\�&S DQG�WKH�VSHFWUDO�HPLVVLYLW\�HO �IRU�ZDYHOHQJWK�O ���� PP�
KDYH�EHHQ�FDOFXODWHG�ZLWK�WKH�IROORZLQJ�H[SUHVVLRQV�
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,Q�WKHVH�H[SUHVVLRQV�P LV�WKH�PDVV�RI�WKH�FHQWUDO�ZRUNLQJ�VHFWLRQ�RI�WKH�VDPSOH�
&� ������u���� P�.� LV� WKH� VHFRQG� FRQVWDQW� LQ� 3ODQFN¶V� ODZ�� �G7�GW�K LV� WKH� UDWH� RI
KHDWLQJ�� TU LV� D� FRUUHFWLRQ� IRU� WKH� UDGLDWLRQ� KHDW� ORVVHV�� DQG� O LV� WKH� ZDYHOHQJWK� RI
S\URPHWHUV�

���5(68/76�2)�0($685(0(176
�����+HDWLQJ�DQG�&RROLQJ�7KHUPRJUDPV
7KHUH�ZHUH� SHUIRUPHG� WKH� QXPEHU� RI� H[SHULPHQWV� IRU� IRXU� VDPSOHV�� 7KH� ILUVW

WKUHH� ZHUH� KHDWHG� E\� D� VLQJOH� SXOVH� XS� WR� ������ ������ ����� .� UHVSHFWLYHO\�� DQG� WKH
IRXUWK�ZDV�KHDWHG�XS�WR������.�ILYH�WLPHV�DQG�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH�DIWHU
HYHU\� SXOVH�� 7KH� LQFUHDVH� RI� ZHLJKW� GXH� WR� DQ� R[LGDWLRQ� ZDV� PHDVXUHG� DIWHU� HYHU\
H[SHULPHQW�

)LJ����VKRZV�WKH�GHSHQGHQFHV�RI�7WU I�W� �FXUYH����DQG�7EU I�W���FXUYH�����ZKLFK
KDYH�EHHQ�PHDVXUHG�DW�WKH�H[SHULPHQW�ZLWK�VLQJOH�SXOVH�KHDWLQJ�XS�WR����� .��LQ�DQ�DLU
DWPRVSKHUH��WKH�SDUW�RI�WKLV�ILJXUH��KHDWLQJ�RQO\��LV�VKRZQ�LQ�)LJ� �D��7KH�KHDWLQJ�WLPH
LQ�WKLV�FDVH�ZDV�DERXW�����VHF���WKH�WLPH�RI�FRROLQJ�GRZQ�WR�7WU ����.�ZDV�DERXW����VHF�
7KH� GLIIHUHQFH� EHWZHHQ� WKHVH� WKHUPRJUDPV� DQG� WKH� WKHUPRJUDPV�� ZKLFK� KDYH� EHHQ
REWDLQHG�LQ�WKH�SUHYLRXV�VWXG\�IRU�KHDWLQJ�LQ�DQ�DUJRQ�DWPRVSKHUH�LV�WKH�SUHVHQFH�RI�WKH
ORZ�UDWH�FRROLQJ�VHFWLRQ�IRU�WKH�ILUVW�WHQ�VHFRQG�RI�FRROLQJ��LQ�WHPSHUDWXUH�UDQJH������±
����� .�� 7KH� UHDVRQ� RI� LW� PD\� EH� DQ� H[RWKHUPLF� �KHDW�HPLVVLRQ�� R[LGDWLRQ� UHDFWLRQ



�
ZKLFK� WDNHV� SODFH� LQ� DQ� DLU� DWPRVSKHUH�� :H� FDQ� VHH� DOVR� WKH� RWKHU� XQXVXDO� HIIHFW�
QDPHO\��WKH�GHFUHDVH�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WUXH�DQG�WKH�EULJKWQHVV�WHPSHUDWXUHV
IRU� WKH� FRROLQJ� VHFWLRQ� DQG� HYHQ� WKH�RYHUFRPLQJ� WKH� ODVW� RQH�� ,W�PD\�EH� H[SODLQHG� E\
PRUH�DFWLYH�R[LGDWLRQ�RI�WKH�RXWZDUG�VXUIDFH�RI�WKH�WXEH�LQ�FRPSDULVRQ�ZLWK�LQZDUG�RQH�
7KH�RWKHU�UHDVRQ�RI�WKLV�HIIHFW�PD\�EH�DQ�DSSHDUDQFH�LQVLGH�WKH�WXEH�LQ�D�UHDFWLRQ�]RQH
VRPH�ILQH�GLVSHUVHG�SDUWLFOHV�RI�R[LGHV�RI� IXVLEOH�HOHPHQWV��ZKLFK�FDQ�HYDSRUDWH� IURP
WKH� DOOR\��$V� FRQFHQWUDWLRQ� RI� WKH� SDUWLFOHV� LQ� FORVHG� YROXPH� �LQWR� WKH� WXEH�� LV� KLJKHU
WKDQ� RXWVLGH� LW�� WKH� H[WLQFWLRQ� RI� WKH� EODFNERG\� UDGLDWLRQ� DW� PHDVXUHPHQW� RI� WKH� WUXH
WHPSHUDWXUH� PD\� EH� PRUH� WKDQ� WKH� H[WLQFWLRQ� RI� WKH� VXUIDFH� UDGLDWLRQ�� 7KRXJK� WKLV
UHDVRQ� LV� RQO\� VXSSRVLWLRQ�� LW�PXVW�EH�QRWHG� WKDW� D�ZKLWH� GHSRVLWLRQ� RI� WKH� YHU\� VPDOO
SDUWLFOHV�RQ�WKH�XSSHU�FXUUHQW�IHHG�KDYH�EHHQ�GLVFRYHUHG�DIWHU�H[SHULPHQW�DW�RSHQLQJ�RI
WKH� YDFXXP� FKDPEHU��2I� FRXUVH�� LW� LV� SRVVLEOH� WKDW� WKHUH� DUH� VRPH� RWKHU� UHDVRQV�� IRU
H[DPSOH��D�PRUH�KHDW�WUDQVIHU�IURP�WKH�LQQHU�ZDOO�RI�WKH�WXEH�WR�WKH�FRQYHFWLYH�DLU�IORZ
LQ�FRPSDULVRQ�WR�KHDW�WUDQVIHU�IURP�LWV�RXWZDUG�ZDOO�

$IWHU�WKH�VLQJOH�SXOVH�KHDWLQJ�DQG�VXEVHTXHQW�FRROLQJ�LQ�DQ�DLU�DWPRVSKHUH�RQ�D
FURVV�VHFWLRQ�RI�WKH�VDPSOH�VRPH�FRPSRQHQWV�FDQ�EH�PDUNHG�RXW��D�QRQ�VWRLFKLRPHWULF
R[LGH� ILOP� RQ� WKH� WXEH� VXUIDFHV�� D� GLIIXVLRQ� OD\HUV� QHDU� WKH� VXUIDFHV� ±� R[\JHQ� VROLG
VROXWLRQ� LQ� WKH� DOOR\�ZLWK� YDULDEOH� FRQFHQWUDWLRQ� DORQJ� WKH� SURILOH�� DQG� WKH� SXUH� DOOR\
�ZLWKRXW� R[\JHQ��ZKLFK� VWLOO� WDNHV� WKH� FHQWUDO� SDUW� RI� WKH� VDPSOH� FURVV� VHFWLRQ�� )RU� D
V\VWHP�OLNH�WKLV�ZH�FDQ�VHH�WZR�EUHDNV��PDUNHG�E\�WKH�FLUFOHV��RQ�WKH�WKHUPRJUDPV��)LJ�
��� �D��� 7KH� ILUVW� RQH� DW� 7WU  ���������� .� LV� WKH� D�E WUDQVLWLRQ� LQ� WKH� DOOR\� DQG� LQ
DGMRLQLQJ�R[\JHQ�VROLG�VROXWLRQ�GLIIXVLRQ�OD\HU��7KH�VPDOO�VHFRQG�EUHDN�DW 7WU #�����.
LV�WKH�R[LGH�ILOP�SKDVH�WUDQVLWLRQ�IURP�PRQRFOLQLF�WR�WHWUDJRQDO�ODWWLFH�>�@��,W�LV�QRW�YHU\
H[SUHVVLYH� DW� WKH� KHDWLQJ� UHJLRQ�� $V� ZH� FDQ� VHH� IURP� )LJ�� �� DQG� �D�� WKH� D�E�SKDVH



�
WUDQVLWLRQ�WHPSHUDWXUH�LV�KLJKHU�DW�KHDWLQJ�VWDJH�LQ�FRPSDULVRQ�WR�FRROLQJ�RQH��,W�FDQ�EH
H[SODLQHG� E\� WKH� GHOD\� LQ� D� QHZ� SKDVH� QXFOHDWLRQ� DW� KLJK� UDWH� SURFHVVHV� DQG� E\� WKH
VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�KHDWLQJ�DQG�FRROLQJ�UDWHV�

)LJ����VKRZV�WKH�WKHUPRJUDPV�RI�WKH�WUXH�����DQG�WKH�EULJKWQHVV�����WHPSHUDWXUHV
RI� WKH� ]LUFRQLXP� DOOR\� VDPSOH� KHDWHG� E\� D� VLQJOH� SXOVH� LQ� DQ� DLU� DWPRVSKHUH� XS� WR
7WU  �����.��$V�ZH�FDQ�VHH��WKH�FKDUDFWHU�RI�FRROLQJ�VHFWLRQ�WKHUPRJUDP�GHSHQGV�RQ�WKH
YDOXH�RI�PD[LPXP� WHPSHUDWXUHV��7KHUH� LV� HYHQ� VRPH� WHPSHUDWXUH� ULVH� DIWHU� VZLWFKLQJ
RII�DQ�HOHFWULFDO�FXUUHQW��7KLV�WHPSHUDWXUHV�ULVH�LV�H[SODLQHG�E\�PRUH�JHQHUDWLRQ�RI�KHDW
DW�DQ�R[LGDWLRQ��WKDQ�LQ�WKH�FDVH��ZKHQ�WKH�VDPSOH�ZDV�KHDWHG�XS�WR������.�

7KH�H[SHULPHQWV�ZLWK���KHDWLQJ�FRROLQJ�F\FOHV�RQ�WKH�VLQJOH�VDPSOH�ZHUH�FDUULHG
RXW� DQG� WKH� WUXH� WHPSHUDWXUH� WKHUPRJUDPV� DUH� VKRZQ� LQ� )LJ�� ��� )RU� HYHU\� F\FOH� WKH
VDPSOH�KHDWHG�XS�WR�7WU  �����.�DQG�FRROLQJ�GRZQ�WR�WKH�URRP�WHPSHUDWXUH��7KH�ILUVW
SXOVH�WKHUPRJUDP�LV�VLJQLILFDQWO\�GLIIHU�IRU� WKH�FRROLQJ�VWDJH�IURP�WKH�IROORZLQJ�RQHV�
7KH� LQLWLDO� VDPSOH� VXUIDFH� ZDV� ³FOHDQ³� �QRW� R[LGL]HG��� DQG� DIWHU� WKH� VZLWFKLQJ� RII
KHDWLQJ�VWRS�WKHUH�ZDV�LQWHQVH�R[LGDWLRQ�ZLWK�KHDW�JHQHUDWLRQ��DV�LW�LV�VHHQ�IURP�WKH�ORZ
FRROLQJ�UDWH� IRU� WKH� ILUVW� WKHUPRJUDP������$IWHU� WKH� ILUVW�SXOVH� WKH�VDPSOH�ZDV�FRYHUHG
ZLWK� QRQ�VWRLFKLRPHWULF� R[LGH� ILOP�� )RU� WKH� VHFRQG� SXOVH� DQG� WKH� IROORZLQJ� RQHV� WKH
VDPSOH� R[LGDWLRQ� SURFHVV� ZDV� OHVV� LQWHQVH�� DV� LW� LV� VHHQ� IURP� FRROLQJ� UDWHV�� $IWHU� DQ
HYHU\�F\FOH�RI�SXOVH�KHDWLQJ�VXEVHTXHQW�FRROLQJ�WKH�FRORU�RI�WKH�VDPSOH�VXUIDFH�EHFRPHV
OLJKWO\��L�H���R[LGH�ILOP�WXUQV�WR�PRUH�VWRLFKLRPHWULF�

7KH� D�E�SKDVH� WUDQVLWLRQ� EUHDNV� RQ� WKH� WKHUPRJUDPV� �)LJ�� ��� EHFRPH� PRUH
VPRRWK�ZLWK�HYHU\�QH[W�KHDWLQJ�SXOVH�� L�H��� WKH�D�E�SKDVH� WUDQVLWLRQ� WHPSHUDWXUH� UDQJH
JURZWKV�GXH�WR�LQFUHDVLQJ�RI�GLIIXVLRQ�OD\HUV�WKLFNQHVV�



�
7KH�PLFURKDUGQHVV�+�� GLVWULEXWLRQV�DORQJ�WKH�FURVV�VHFWLRQ�RI�WKH�WXEH�ZDOO�IRU

WKUHH�VDPSOHV�DUH�VKRZQ�LQ�)LJ�����7KH�ILUVW�VDPSOH�ZDV�KHDWHG�E\�D�VLQJOH�SXOVH�XS�WR
7WU  ������.������WKH�VHFRQG�RQH���XS�WR�7WU  ������.������DQG�WKH�WKLUG�KDG�ILYH�UHSHDWHG
F\FOHV�SXOVH�KHDWLQJ�XS�WR�7WU  ������.�DQG�VXEVHTXHQW�FRROLQJ������$V� LW�FDQ�EH�VHHQ
IURP�)LJ�����WKH�PLFURKDUGQHVV�QHDU�WKH�RXWHU�VXUIDFH�RI�D�WXEH�ZDOO�LV�KLJKHU��WKDQ�DW�WKH
LQQHU� RQH� DIWHU� D� VLQJOH� SXOVH� KHDWLQJ�� )RU� D� PXOWLSOH� F\FOLF� SXOVH� KHDWLQJ� WKH
PLFURKDUGQHVV� QHDU� WKH� ERWK� VXUIDFHV� RI� WXEH� ZDOO� LV� WKH� VDPH�� 7KH� LQFUHDVH� RI� WKH
PLFURKDUGQHVV�LQ�WKH�FHQWUDO�SDUW�RI�D�WXEH�ZDOO�PHDQV�WKDW�WKH�HQWLUH�WXEH�ZDOO�DIWHU�ILYH
KHDWLQJ�F\FOHV�ZDV�LQYROYHG�LQ�R[\JHQ�GLVVROXWLRQ�

�����+HDW�&DSDFLW\
7KH�KHDW�FDSDFLW\�LV�WKH�SURSHUW\��ZKLFK�LV�PRVW�VHQVLWLYH�WR�SKDVH�DQG�VWUXFWXUDO

WUDQVLWLRQV�LQ�PDWHULDOV��6RPH�VPDOO�EUHDNV�RI�WKH�SUHVHQWHG�WKHUPRJUDPV�RI�]LUFRQLXP
DOOR\��KHDWHG�LQ�DQ�DLU�DWPRVSKHUH��PHDQ�WKH�VLJQLILFDQW�FKDQJLQJ�RI� WKH�KHDW�FDSDFLW\�
7KH� WHPSHUDWXUH�GHSHQGHQFHV�RI� WKH�KHDW� FDSDFLW\� IRU� YDULRXV� F\FOLF� KHDWLQJ� LQ� DQ� DLU
DWPRVSKHUH� DUH� VKRZQ� LQ� )LJ�� ��� )RU� WKH� ILUVW� KHDWLQJ� �FXUYH� ���� ZKHQ� WKH� VDPSOH
VWUXFWXUH� DQG� FRPSRVLWLRQ� DUH�SUDFWLFDOO\� LQLWLDO�� WKH� ILUVW� KHDW� FDSDFLW\� SHDN� LV� DURXQG
7WU ������.�DQG�LW�LV�FRUUHVSRQGV�WR�WKH�D�E�SKDVH�WUDQVLWLRQ�RI�QRW�R[LGL]HG�DOOR\��:LWK
HYHU\�QH[W�KHDWLQJ��DV�WKH�R[\JHQ�FRQFHQWUDWLRQ�LQ�DOOR\�LV�ULVLQJ��WKH�KHLJKW�ILUVW�SHDN�LV
GHFUHDVLQJ�DQG�IRU�WKH�VDPH�WLPH�LWV�WHPSHUDWXUH�UDQJH�LV�H[SDQGLQJ��7KH�VHFRQG�VPDOO
SHDN�RQ�FXUYH�����LV�QHDU�7WU ������.��VHH�DOVR�)LJ���D��DQG�LW�PD\�EH�DVVRFLDWHG�ZLWK
KHDW�FRQVXPSWLRQ�IRU�GLVVROXWLRQ�RI�D�WKLQ�R[LGH�ILOP��7KLV�ILOP�ZDV�DULVHG�DW�WKH�KHDWLQJ
VWDJH� IURP� R[\JHQ�� DGVRUEHG� E\� WKH� VSHFLPHQ� VXUIDFH�� $IWHU� WKH� ILUVW� KHDWLQJ�FRROLQJ
F\FOH�D�GDUN�FRORUHG�ILOP�RI�QRQ�VWRLFKLRPHWULF�R[LGH�KDV�FRYHUHG� WKH�VDPSOH� LQ�QHDU�
VXUIDFH�GLIIXVLRQ� OD\HUV� WKH� FRQFHQWUDWLRQ� RI� GLVVROYHG� R[\JHQ� LV� KLJK�� DV� IRU� WKH� ILUVW



�
KHDWLQJ� WKH� LQLWLDO� VDPSOH� VXUIDFH� KDV� WKH� JUHDW� DEVRUEDELOLW\� DQG� FDQ� DEVRUE� PRUH
R[\JHQ� WKDQ�IRU� IROORZLQJ�F\FOHV�RI�KHDWLQJ��7KH�DXJPHQWDWLRQ�RI�PDVV�RI� WKH� VDPSOH
DIWHU� WKH� H[SHULPHQWV� LQGLFDWHV� LW� FOHDUO\�� WKH� LQFUHDVH� RI�PDVV� DIWHU� ILUVW� KHDWLQJ� ZDV
DERXW�WKUHH�WLPHV�JUHDWHU�WKHQ�DIWHU�WKH�IROORZLQJ�RQHV��6R��WKH�VHFRQG�SHDN�RQ�WKH�FXUYH
�����FRUUHVSRQGLQJ�WR�WKH�D�E�SKDVH�WUDQVLWLRQ�LQ�QHDU�VXUIDFH�OD\HU��WDNHV�SODFH�DW�KLJK
WHPSHUDWXUH��7WU ������.���,W�PXVW�EH�QRWHG�WKDW�R[LGL]LQJ�SURFHVV�IRU�VXEVHFRQG�SXOVH
H[SHULPHQWV�WDNHV�SODFH�PDLQO\�DW�FRROLQJ�VWDJH��DV�LW�PXFK�VORZHU��)RU�WKH�WKLUG�KHDWLQJ
DQG�IROORZLQJ�RQHV�D�ULFK�VROLG�VROXWLRQ�DW�QHDU�VXUIDFH�OD\HUV�LV�WUDQVIRUPLQJ�WR�R[LGH�
DQG�RQ� WKH�KHDW�FDSDFLW\� FXUYH� WKH� VHFRQG�SHDN� DW�7WU ������.� LV� WKH�R[LGH� VWUXFWXUDO
WUDQVLWLRQ�IURP� WKH�PRQRFOLQLF� WR� WKH� WHWUDJRQDO�PRGLILFDWLRQ�� ,Q�DFFRUGLQJ� WR�5HI�� >�@
WKH� WHPSHUDWXUH� RI� HTXLOLEULXP� WUDQVLWLRQ� D� PRQRFOLQLF� VWUXFWXUH� WR� WHWUDJRQDO� LV
7WU � �����.� IRU� SXUH� QRQ�VWRLFKLRPHWULF� ]LUFRQLXP� R[LGH�� DQG� LW� LV� QRW� IDU� IURP� RXU
UHVXOWV��:LWK�HYHU\�QH[W�IROORZLQJ�KHDWLQJ�WKH�KHLJKW�RI�WKH�VHFRQG�SHDN�LQFUHDVHV��WKDW
PHDQV�WKH�JURZWK�RI�DQ�R[LGH�ILOP�WKLFNQHVV��DQG�DW�WKH�VDPH�WLPH�WKH�KHLJKW�RI�WKH�ILUVW
SHDN� �D�E�SKDVH� WUDQVLWLRQ� LQ� WKH� DOOR\� ZLWK� GLVVROYHG� R[\JHQ�� GHFUHDVHV�� DQG� LW¶V
WHPSHUDWXUH� UDQJH� H[SDQGV�� :LWK� DOO� WKLV� JRLQJ� RQ�� WKH� VWDUWLQJ� WHPSHUDWXUH� RI
D�E�SKDVH� WUDQVLWLRQ� VWD\V� WKH� VDPH� DV� IRU� SXUH� DOOR\� �7WU �����.��� XQWLO� WKH� R[\JHQ
UHDFKHV�WKH�FHQWHU�RI� WXEH�ZDOO��7KH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�KHDW�FDSDFLW\� IRU� WKH
VDPH�DOOR\�LQ�DQ�DUJRQ�DWPRVSKHUH�IRU�F\FOLF�SXOVH�KHDWLQJ����SXOVHV�DOVR��DUH�VKRZQ�LQ
)LJ���� IRU�FRPSDULVRQ��7KHUH� LV�VLJQLILFDQW�GLIIHUHQFH� LQ� WKH�EHKDYLRU�RI� WKH�DOOR\�KHDW
FDSDFLW\�IRU�KHDWLQJ�LQ�DQ�DLU�DWPRVSKHUH�DQG�LQ�DQ�LQHUW�RQH��)LJ��������

7KH� GDWD� RQ� WKH� KHDW� FDSDFLW\� IRU� WKH� ILUVW� KHDWLQJ� LQ� DQ� DLU� DWPRVSKHUH� IRU� �
VDPSOHV�DUH�VKRZQ�LQ�)LJ�����$Q�H[SHULPHQWDO�GDWD�JRRG� UHSURGXFLELOLW\� IRU� WKH�SKDVH
WUDQVLWLRQ�DUHD�FDQ�EH�VHHQ�



�
�����6SHFWUDO�(PLVVLYLW\�
7KHUH� LV� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� WKH� DEVROXWH� YDOXHV� DQG� WHPSHUDWXUH

GHSHQGHQFHV�RI� WKH�DOOR\�VSHFWUDO�HPLVVLYLW\�HO I�7� IRU�KHDWLQJ� LQ� DQ� DLU� DWPRVSKHUH
DQG�LQ�DQ�LQHUW�RQH��,W�FDQ�EH�VHHQ�IURP�)LJ�����ZKHUH�WKH�FXUYHV���DQG���FRQFHUQ�WR�DQ
DLU�DWPRVSKHUH�H[SHULPHQWV��DQG�FXUYH���WR�DQ�DUJRQ�RQH��'XH�WR�D�SUHVHQFH�RI�WKH�R[LGH
ILOP�RQ�D�VDPSOH�VXUIDFH�LQ�DQ�DLU�DWPRVSKHUH�KHDWLQJ��WKH�HPLVVLYLW\�HO� LV�VLJQLILFDQWO\
PRUH� WKHQ� LQ� DQ� DUJRQ� KHDWLQJ� LQ� WKH� ZKROH� PHDVXUHG� WHPSHUDWXUH� UDQJH�� $W� D� UDSLG
KHDWLQJ�� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� HO KDV� DQ� XQFRPPRQ� FKDUDFWHU� ZLWK� D
SURQRXQFHG�PD[LPXP�DW�7WU �����.��DQG�LW�LV�LQ�FRUUHODWLRQ�ZLWK�VXUIDFH�FKDQJHV�ZKLFK
WDNH� SODFH� GXULQJ� DQ� R[LGL]LQJ� SURFHVV�� ,Q� DOO� H[SHULPHQWV� ZLWK� VLQJOH� KHDWLQJ� WKH
GHFUHDVH� RI� WKH� WHPSHUDWXUH� UDWH� DW� 7 ����� .� FDQ� EH� VHHQ� IURP� WKH� EULJKWQHVV
WHPSHUDWXUH� WKHUPRJUDPV� �)LJ�� �D�� FXUYH� ���� ,W� PD\� EH� DVVRFLDWHG� ZLWK� VWUXFWXUDO
WUDQVIRUPDWLRQ� LQ� WKLQ� R[LGH� ILOP� RQ� WKH� VDPSOH� VXUIDFH�� 7KH� LQFUHDVH� RI� HO��DW
7WU !������.��)LJ�����FXUYH����PD\�EH�H[SODLQHG�E\�LQWHQVH�R[LGL]LQJ�RI�WKH�DOOR\�DQG�WKH
IRUPDWLRQ�RI� WKH�R[LGH�SDUWLFOHV�RI� WKH� OLJKW� IXVLEOH�HOHPHQWV� LQ� WKH�JDV�SKDVH��$W� WKLV
FRQGLWLRQV��WKH�HIIHFWLYH�HPLVVLYLW\�RI�EODFNERG\�GHFUHDVH�

7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI� WKH� VSHFWUDO� HPLVVLYLW\� HO��IRU� F\FOLF� SXOVH
KHDWLQJ����SXOVHV��XS�WR�7WU �����.�LQ�DQ�DLU�DWPRVSKHUH�DUH�VKRZQ�LQ�)LJ�����)RU� WKH
ILUVW�SXOVH��WKH�HPLVVLYLW\�HO JURZWKV�IURP������DW�7WU �����.�XS�WR�����DW�7WU �����.�
WKDQ� LW� GHFUHDVHV� WR� ����� DW�7WU �����.�� 7KH�PD[LPDO� ILOP� JURZWK� WDNHV� SODFH� DW� WKH
FRROLQJ� VWDJH�� DIWHU� WKH� ILUVW� KHDWLQJ�� DV� LW� PHQWLRQHG� DERYH�� 7KH� VDPSOH� VXUIDFH� DUH
FRYHUHG�E\�D�GDUN�FRORUHG�R[LGH�ILOP�DIWHU�WKH�ILUVW�KHDWLQJ��VR�IRU�WKH�VHFRQG�SXOVH�ZH
KDYH� D� KLJK� HPLVVLYLW\� HO LQ� WKH� ZKROH� PHDVXUHG� WHPSHUDWXUH� UDQJH�� $EQRUPDO� KLJK



��
YDOXHV�RI�WKH�HPLVVLYLW\��HO t ���LQ�WKH�UHJLRQ�7WU ����������.�IRU� WKH�VHFRQG�KHDWLQJ
FDQ�EH�H[SODLQHG��PRVW�OLNHO\��E\�DQ�XQGHUVWDWLQJ�RI�WKH�PHDVXUHG�WUXH�WHPSHUDWXUH�DW�LWV
PHDVXUHPHQW� LQ� WKH� EODFNERG\� PRGHO� LQVLGH� WKH� WXEH�� DFFRUGLQJ� WR� WKH� UHDVRQV
PHQWLRQHG�EHIRUH��7KH�YDOXHV�RI�WKH�VSHFWUDO�HPLVVLYLW\�IRU�DQ�R[LGL]HG�]LUFRQLXP�DOOR\
IRU� WKH� WKLUG�� IRXUWK� DQG� ILIWK� KHDWLQJ� SXOVHV� SUDFWLFDOO\� DUH� WKH� VDPH�� ,Q� WHPSHUDWXUH
UDQJH�RI�7WU ����������.�WKH�HPLVVLYLW\�LV�GHFUHDVHV�IURP������WR�����

���&21&/86,21
7KH�VHULHV�RI�H[SHULPHQWV�KDYH�EHHQ�FDUULHG�RXW�ZLWK�WKH�SXUSRVH�RI�VWXG\LQJ�WKH

LQIOXHQFH� RI� R[LGL]LQJ� HQYLURQPHQW� �DPELHQW� DLU� DWPRVSKHUH�� RQ� WKHUPRSK\VLFDO
SURSHUWLHV� RI� ]LUFRQLXP� DOOR\�� 7KH� VXEVHFRQG� WHFKQLTXH� KDYH� EHHQ� XVHG� IRU� UHVLVWLYH
KHDWLQJ� RI� VDPSOHV�� ZKLFK� ZHUH� PDGH� IURP� WKH� FRPPHUFLDO� HQYHORSV� RI� WKH� IXHO
HOHPHQWV� RI� QXFOHDU� UHDFWRUV�� ,W� LV� IRXQG� RXW� WKH� VLJQLILFDQW� GLIIHUHQFHV� LQ� WKH� UHVXOWV
REWDLQHG�LQ DQ�DLU�DWPRVSKHUH�DQG�LQ�WKH�LQHUW�RQH�DW�WKH�VDPH�FRQGLWLRQV��7KH�UHDVRQV�RI
LW� DUH� ERWK� WKH� R[LGH� ILOP� JHQHUDWLRQ� RQ� D� VDPSOH� VXUIDFH� DQG�� MXVW� DV�� WKH� R[\JHQ
GLIIXVLRQ�DQG�GLVVROXWLRQ� LQWR� WKH�VDPSOHV��7KH�DSSHDUDQFH�RI� WKH� VHFRQG�SHDN�� WKDW� LV
PRUH�KLJK�WHPSHUDWXUH��RQ�WKH�KHDW�FDSDFLW\�FXUYH��LQ�DGGLWLRQ�WR�WKH�SHDN�RI�D�E SKDVH
WUDQVLWLRQ� LQ� WKH� DOOR\��� FRUUHVSRQGHG� WR� WKH�R[LGH� ILOP�SKDVH� WUDQVLWLRQ� LV� WKH� VSHFLILF
IHDWXUH�RI�KHDWLQJ�LQ�DQ�DLU�DWPRVSKHUH��7KH�SRVLWLRQ�DQG�WKH�DPSOLWXGH�RI�WKH�ILUVW�DQG
WKH�VHFRQG�SHDNV�DUH�FKDQJHG�IRU�HYHU\�QH[W�KHDWLQJ�SXOVH�DQG�FRUUHODWHG�ZLWK�D�VDPSOH
R[LGL]LQJ�G\QDPLF��:KHQ�WKH�QXPEHU�RI�SXOVHV�JURZV��WKH�DPSOLWXGH�RI�WKH�ILUVW�SHDN�RQ
WKH�FXUYH�&S I�W���FRUUHODWHG�ZLWK�D�E�SKDVH� WUDQVLWLRQ��GHFUHDVHV��DQG� WKH�SHDN�ZLGWK
EURDGHQV��7KH�LQFUHDVH�RI�WKH�FRQFHQWUDWLRQ�RI�DQ�R[\JHQ�GLVVROYHG�LQ�DOOR\�FDQ�H[SODLQ
LW��MXVW�DV�WKH�LQFUHDVH�RI�WKH�GLIIXVLRQ�OD\HU�WKLFNQHVV��$EVROXWH�YDOXHV�RI�&S LQ�E�SKDVH



��
LQFUHDVH�ZLWK� HYHU\� QH[W� KHDWLQJ� SXOVH�� DV� WKH� VDPSOH� EHFRPHV�PRUH� VDWXUDWHG� E\� DQ
R[\JHQ�

7KH� FKDQJH� RI� WKH� WHPSHUDWXUH� GHSHQGHQFHV� RI� VSHFWUDO� HPLVVLYLW\� DW� UDSLG
KHDWLQJ� LQ�DQ�DLU� DWPRVSKHUH�FRUUHODWHV�ZLWK�R[LGL]LQJ�G\QDPLF�RI� WKH� VDPSOH� VXUIDFH�
$V� WKH� QXPEHU� RI� KHDWLQJ� SXOVHV� LQFUHDVHV�� WKH� WUDQVIRUPDWLRQ� RI� D� GDUN�� QRQ�
VWRLFKLRPHWULF� R[LGH� ILOP� LQWR� WKH� ZKLWH�� VWRLFKLRPHWULF� RQH�� LV� DFFRPSDQLHG� E\� WKH
GHFUHDVLQJ�RI�WKH�HPLVVLYLW\�HO DW�WKH�WHPSHUDWXUH�7WU ���� .��7KH�DEVROXWH�HO YDOXHV�DW
KHDWLQJ� LQ� DQ� DLU� DWPRVSKHUH� DUH� JUHDWHU�� WKDQ� LQ� DUJRQ� RQH� LQ� WKH� ZKROH� PHDVXUHG
WHPSHUDWXUH�UDQJH�

$&.12:/('*0(176
7KH� ZRUN� KDG� EHHQ� VXSSRUWHG� E\� WKH� 5XVVLDQ� )RQGDWLRQ� IRU� %DVLF� 5HVHDUFK

�SURMHFW�� �������������
5()(5(1&(6
�� 9�(� 3HOHWVN\�� ,�,� 3HWURYD�� %�1� 6DPVRQRY�� $�9� 1LNXOLQD�� 1�%� 6RNRORY�

/�1� $QGUHHYD�$QGULHYVND\D�� LQ� 3URFHHGLQJ� RI� WKH� &RQIHUHQFH� RQ
7KHUPRSK\VLFDO� $VSHFWV� RI� ::(5�7\SH� 5HDFWRU� 6DIHW\�� 9RO�� ��� $�'�
(IDQRY��HG���0LQLVWU\�RI�5XVVLDQ�)HGHUDWLRQ�IRU�$WRPLF�(QHUJ\��,QVWLWXWH�RI
3K\VLFV�DQG�3RZHU�(QJLQHHULQJ��2EQLQVN���������S������

�� ,�,��3HWURYD��DQG�9�<D��&KHNKRYVNRL��7HSORIL]��9\V��7HPS�����������������
�� 9�(��3HOHWVNLL��+LJK�7HPSHUDWXUH�����������������
�� 5�-� $FNHUPDQQ��6�3� *DUJ��DQG�(�*� 5DXK��-��RI�$PHU��&HUDPLF��6RFLHW\�����
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